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Abstract

Naive and memory CD4 and CD8 T cells represent a highly dynamic system with constant
homeostatic and antigen-driven proliferation, influx, and loss of T cells. Thymic activity dwindles
with age and essentially ceases in the later decades of life, severely constraining the generation of
new T cells. Homeostatic control mechanisms are very effective to maintain a large and diverse
subset of naive CD4 T cells for many years up to the 8t decade of life, but eventually and abruptly
fail at about the age of 75 years. In contrast, the CD8 T cell compartment is more unstable, with
progressive diminution of naive T cells and increasing loss of diversity already during mid adulthood.
Vaccination strategies need to aim at developing a broad repertoire of memory T cells before the
critical time period when the naive CD4 T-cell repertoire collapses. Research efforts need to aim at
understanding the homeostatic control mechanisms to ultimately expand the time period of repertoire

stability.

Adaptive immune responses are initiated when T cells recognize endogenous antigen on
activated and mature antigen-presenting cells. Successful responses depend on the repertoire
of existing T cells (Nikolich-Zugich et al., 2004). The diversity of the T-cell compartment
determines whether T cells are available that recognize antigen with high avidity. The
frequency of each T-cell specificity in the existing repertoire influences how fast an initial
immune recognition event can be amplified to generate a sufficient number of effector cells.
Consequently, the naive T-cell repertoire is highly diverse, providing the ability to recognize
the universe of exogenous and potentially dangerous antigens. In contrast, the memory T-cell
repertoire is selected by previous antigen exposure. Each memory T cell clone is present in
larger frequency, guaranteeing a more rapid response upon re-exposure to the same antigen.
Homeostatic regulation is important not only to control the size of the T-cell compartment, but
also the composition of naive and memory T cells, as well as the diversity of each T-cell
compartment (Goldrath and Bevan, 1999a).

T cell homeostasis and age

The homeostatic control mechanisms have to deal with exogenous and endogenous challenges
(Freitas and Rocha, 2000; Jameson, 2002). The T-cell compartment is a highly dynamic T-cell
reservoir with sometimes conflicting kinetics of singular components that compete for space.
The most evident example is the clonal expansion that occurs after naive or memory T cells
encounter antigen. This clonal expansion is dramatic and has been estimated to include 10 to
15 population doublings followed by equally rapid clonal contraction with a majority of
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expanded T cells dying again (Homann et al., 2001; Kaech et al., 2002; Murali-Krishna et al.,
1998). It has been estimated that the surviving memory T-cell population has about a 1000-
fold higher clonal size than naive cells (Goronzy and Weyand, 2005). Antigen-specific
stimulation, however, is not the only stimulus that drives T-cell kinetics. In the absence of
exogenous antigen, memory and even naive T cells exhibit a constant turnover. The daily
replacement rate of T cells has been estimated to be on the order of 1%, which means that with
about 3x10™ T cells in a human body, approximately 3x10° T cells have to be generated each
day (Goronzy and Weyand, 2003; Hellerstein et al., 1999; Neese et al., 2002). Memory T cells
have higher homeostatic proliferation than naive T cells (Goronzy and Weyand, 2003), raising
the question of whether they can out compete naive T cells and, over time, significantly
compromise the integrity of the naive T-cell compartment.

Earlier data in mouse models have suggested that memory and naive T cells do not compete
for the same space (Tanchot and Rocha, 1995; Tanchot et al., 1997). However, the differences
in regulatory control have remained poorly defined; regulatory control may slow down the
demise of the naive compartment, but certainly do not completely prevent it. It is, therefore,
clear that age has a major impact on the composition of the T-cell compartment (Fagnoni et
al., 2000; Naylor et al., 2005). It is important to emphasize that homeostatic mechanisms not
only sustain the space of the T-cell compartment, but also the composition of functional subsets
and ultimately the diversities and the distributions of different clonal sizes.

Thymic activity and age

If such a substantial number of new T cells are replaced every day, where do they come from?
Obviously, new memory T cells are being shifted from the compartment of naive T cells at the
time when priming for a new exogenous antigen occurs. Also, homeostatic proliferation of
naive cells, if accelerated, can be associated with phenotypic transitions that are reminiscent
of memory cell development. Naive T cells can only be generated by two means, either by
development from lymphocyte precursors and ultimately stem cells or by homeostatic
proliferation where naive T cells function as their own progenitor cells. T-cell development
from a common lymphocyte precursor occurs, perhaps exclusively, in the thymus. At least
since the 1960s it has been known that the amount of thymic tissue declines with age (Henry,
1967). Thymic epithelial space, which is the best biological correlate of functionally active
tissues, declines from about 7 cm? in the young adult to about 1 cm? in the 55 to 65 year old.
Recent studies have shown islands of functional tissue in the thymus of the elderly (Haynes et
al., 2000; Steinmann et al., 1985; Steinmann, 1986); however, it is uncertain whether
production of new thymocytes in these residual tissues is of quantitative importance.

In the absence of phenotypic markers specific for thymic emigrants, most studies of thymic
output have relied on measuring T-cell receptor excision circles (TREC) (Douek et al., 1998;
Kongetal., 1999). These signal-joint TRECs are formed during T-cell receptor (TCR)-a-chain
rearrangement, when a substantial portion of the TCR & locus is excised. Excised DNA is stored
as episomes for an unknown amount of time in the newly generated T cell, but is not amplified
during division. Frequencies of these episomes that can be quantified by RT-PCR provide an
upper estimate of thymic output (Douek et al., 1998; Hazenberg et al., 2001; Kong et al.,
1999). Studies by others and us have shown that the frequency of these TRECs declines
exponentially with age (Douek et al., 1998; Koetz et al., 2000; Naylor et al., 2005). After the
age of 50 to 60 years, TRECs can still be detected, but concentrations are minimal. From these
data, it can be concluded that the generation of new T cells is minimal. Computer simulations
have suggested that the decline in TRECs fits to a model with homeostatic proliferation being
the only variable (Dutilh and de Boer, 2003). In this case, thymic activity would even cease at
an earlier age and not significantly contribute to the regeneration of the naive T-cell
compartment starting from young adulthood. More direct data have come from studies of
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patients undergoing autologous bone marrow transplantation. In particular, Hakim et al have
found that generation of naive T cells is severely compromised after the age of 40 to 50 years
(Hakim et al., 2005). These authors examined three different surrogate markers of thymic
activity: increase in thymic size, repopulation with naive T cells, and increases in frequency
of TREC™ T cells. An excellent correlation was found between all three surrogate markers.
However, only the exceptional patient older than 40 to 50 years of age showed an increase in
any of these surrogate markers after bone marrow transplantation (Hakim et al., 2005). One
could argue that these patients have undergone chemotherapy, which may have damaged the
lymphocyte precursor cell pool or the thymic epithelial cells. However, these patients are
clearly able to regenerate myeloid, NK, and B cells. Moreover, our studies in patients
undergoing T-cell depletion with monoclonal antibodies that have no nonspecific effect on
lymphoid cells have come to the similar conclusion that the ages between 40 and 50 years are
watershed in terms of thymic function (Jendro et al., 1995).

Thus, naive T cells face challenges on many different fronts. The naive T-cell compartment
progressively lacks the influx of newly developed T cells. Like any other cellular compartment,
it is faced with the normal daily attrition. Moreover, antigen-specific recruitment and, possibly
to some extent, homeostatic proliferation shift naive T cells from the naive compartment into
the memory compartment. Finally, naive T cells have to defend their space against invasion
of memory T cells that have higher population kinetics due to chronic stimulation with
persistent antigen and higher responsiveness to microenvironmental cues.

Differential homeostatic controls in CD4 and CD8 T cells

How is it that with these challenges the naive T-cell compartment is maintained with age?
Surprisingly, the answer is different for CD4 and CD8 T cells. Naive T cells have been defined
as CD45RA™ T cells that express the chemokine receptor CCR7 (Sallusto et al., 1999). As
shown in Figure 1, the naive CD4 T-cell subset shows a modest decline with age (p=0.0002);
however, in the majority of individuals the percentage of CD4 T cells expressing a naive
phenotype is still substantial at the age of 65 to 75 and only later on declines more rapidly.
This data suggest that even in the absence of significant thymic influx, the size of the naive
CDA4 T-cell compartment is sufficiently sustained for another two to three decades by
homeostatic proliferation. The CD8 T-cell compartment shows a more rapid decline in the
frequency of naive T cells. By the age of 65 years, the naive CD8 compartment is significantly
shrunk (p=0.00000000002). The decreased percentage reflects a reduction in absolute numbers
and not a relative reduction due to the expansion of the CD8 effector cell population. In fact,
the CD4 to CD8 T-cell ratio is maintained up to the age of 75 years (data not shown). The
mechanism of this more rapid decline in the CD8 compartment is not known. Both subsets
should be equally affected by thymic inactivity. Beverley and colleagues have examined T-
cell subset kinetics after labeling with deuterated glucose and have not found significant
differences in the kinetics of CD4 and CD8 cells (Macallan et al., 2003; Wallace et al.,
2004). Different growth factors may be involved in homeostatic proliferation of CD4 and CD8
T cells; however, if anything, these growth factors appear to be favoring CD8 cells (Jameson,
2002; Marrack et al., 2000; Sprent and Surh, 2003). Moreover, the survival of naive CD8 T
cells depends on the recognition of major histocompatibility complex MHC class | molecules,
which are more abundantly expressed in the periphery of MHC class Il molecules recognized
by CDA T cells (Ernst et al., 1999; Goldrath and Bevan, 1999b; Jameson, 2002). Interestingly,
this difference between CD4 and CD8 T-cell homeostasis is not limited to the naive T-cell
compartment; memory T cells show similarly divergent behavior. During middle age, CD8
memory T cells are much more prone to develop an uneven repertoire with the expansion of
clonal population. Moreover, phenotypic changes that have been attributed to replicative stress,
such as the loss of expression of the CD28 molecule, are much more frequently found in the
CD8 than in the CD4 compartment (Fagnoni et al., 1996; Vallejo et al., 1998).
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If CD4 T cells sustain a sufficient compartment size for an extended period of time, how long
can they maintain their diversity and functional competence? Because of the high degree of
TCR diversity, its assessment is very difficult. Theoretically, there should be more than 101°
different possible TCR rearrangements and o—f chain combinations; i.e., with a total size of
the naive T-cell compartment of about a hundred billion T cells, there is the theoretical
possibility that each naive T cell has its unique TCR (Davis and Bjorkman, 1988). This is
highly unlikely because restrictions such as incompatible TCR o—@ chain pairing or positive
selection on MHC molecules limit the number of functional TCRs that are selected for
populating the periphery. Moreover, such a diverse repertoire would be highly susceptible to
instability over time. If each TCR would be initially present in only one copy, the loss of such
a T cell would, with time, contract the TCR repertoire. Even naive T cells are, therefore, present
in identical replicates generated during and shortly after T-cell development in the thymus or
in the periphery. Estimates of clonal sizes have come from the dilution of TRECs during thymic
development (Douek et al., 1998; Okamoto et al., 2002). We have used TREC measurements
in cord blood of babies born at different gestational ages (Schonland et al., 2003). These
different studies have allowed estimating the clonal size of naive T cells to involve about 100
cells.

T-cell receptor diversity and age

Avrstilaand colleagues have used TCR sequencing to estimate the clonal diversity of naive CD4
T cells (Arstila et al., 1999). These investigators performed size separation of selected VB-Jp
TCR combinations, obtained all sequences of one particular size, and used this measurement
to extrapolate on the total diversity of the T-cell compartment. They estimated that a young,
healthy human individual has about 1-2x106 different TCR-p chains, each potentially paired
with about 50 TCR-a chains. Naturally, this is a minimal estimate because the sample size of
lymphocytes included in the analysis needs to substantially exceed the number of expected
different TCRs in order not to miss any new sequences. We have used a different experimental
approach to assess the diversity by randomly sequencing TCRs from naive CD4 T cells and
subsequently determining their frequency in a limiting dilution system of an independent blood
sample of the same donor. TCR sequences in the limiting assay are detected by TCR V-Jj3-
specific PCR followed by hybridization with TCR N-D-N-specific probes (Naylor et al.,
2005; Wagner et al., 1998). These studies estimate that the naive T-cell compartment includes
about 20 million different TCR- chains. Limiting dilution systems always provide an upper
estimate because the assay system may not be sensitive enough to detect a single TCR-f chain.
It is likely that the true diversity is in between those two results, in the range of several million
TCR, with the average clonal size of a naive T cell being about 500 cells. Both techniques
came to the same conclusion that the TCR-f chain repertoire of memory cells is contracted
approximately by a factor of 10. Each of these memory TCR-f chains is only paired with one
to two a chains, suggesting an average clonal size of CD4 memory T cells of 100,000 cells.

We have used these initial estimates of repertoire diversity to develop screening tools to assess
repertoire diversity with age (Figure 2A). The likelihood that TCR sequences from one blood
sample will be found in an independent blood sample from the very same patient should follow
a Poisson distribution depending on the sample size of lymphocytes included in each.
Hypothesizing that the true diversity is somewhere around 5 million different TCR-f chains,
we elected sample sizes of 500,000 cells, collected three different samples of naive cells from
the blood of the same individual, and cloned all sequences from each sample after PCR with
VB- and JB-specific primers. At the same time, a TCR V[-Jp probe encompassing the N-D-N
region from the first sample was generated. This probe was used to hybridize with all TCR
colonies of the three different cloned samples. The basic assumption is that the TCR probe of
sample 1 should hybridize with all of the bacterial clones from sample 1, but only with those
bacterial clones in sample 2 and 3 that are also present in sample 1. If the cross-hybridization
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is limited, it can be expected that the diversity is significantly larger than the total number of
lymphocytes included in the first sample. On the other hand, if cross-hybridization between
unrelated samples is similar to the hybridization between probe and clones from the same
sample, then the diversity is substantially lower than 500,000 different TCR-f chains. Figure
2B shows samples from individuals 20 to 30 years old compared to individuals older than 75.
The young individuals clearly have a high degree of diversity; each new sample brings in
additional TCR sequences that were not present in the initial sample. In contrast, the repertoire
of all samples appears to be identical in the individuals older than 75, clearly indicating a
contraction of the existing TCR-f chain repertoire (Naylor et al., 2005).

To more quantitatively examine changes in diversity with age, we used the limiting elution
system in three individuals each from three different age strata, 25 to 30 years, 60 to 65 years,
and 75 to 80 years (Figure 3). The results were surprising. As expected, the majority of naive
CDA4 T cells in young adults were present in very low frequencies; i.e., T cells sharing one
particular TCR-p chain were present only in small clonal sizes. A few naive T cells were
clonally expanded, either as a result of homeostatic proliferation or because they had been
misclassified as naive T cells. Surprisingly, this diversity picture did not change in the 60- to
65-year-old individuals, although these individuals must have had a long history of low to no
thymic output and, therefore, hardly any influx of newly rearranged TCRs in the last two
decades. If one assumes that naive T cells turn over at least once per year and that most naive
cells have been seeded into the periphery by the age of 30 or maybe even earlier, then most
naive cells must have undergone more than 30 divisions by the age of 60. It is, therefore, striking
how well the homeostatic mechanisms preserve TCR diversity. The picture dramatically
changed by the age of 75 years. At that age, the population of infrequent T cells is essentially
gone, and most T cells are present in clonal sizes of 1 million cells or larger. The number of
different TCR-B chains in the repertoire is, therefore, severely restricted. Even if each of these
TCR-B chains were paired with several different TCR-a chains, the naive repertoire of a 75
year old would not be larger than the memory repertoire of a younger person. It is unclear what
homeostatic mechanisms fail between the ages of 65 and 75, and what happens to the majority
of naive CD4 T cells. One possibility is that naive T cells enter a state of senescence due to
their extended replicative history. Indeed, Weng et al have shown telomeric erosion in naive
T cells with age (Weng et al., 1995). We have described that telomeres plateau at a relatively
short length at about the age of 60 (Koetz et al., 2000). Telomeric erosion could therefore be
responsible for a senescent phenotype of naive T cells with reduced cell cycle progression or
apoptosis. However, gene expression studies of naive CD4 T cells in individuals around the
age of 70 clearly showed that this is not the case (own unpublished observations). The gene
expression profiles of such T cells are normal and not distinct compared to individuals in their
third decade of life. In particular, naive T cells do not show a gene expression fingerprint of
senescence, but have normal expression of p53 and cell cycle inhibitors. Moreover, such T
cells also do not have a functional defect and are fully competent to proliferate in response to
antigen presented by dendritic cells.

Although these experiments did not provide evidence for cellular senescence in 70- to 75-year-
old individuals, naive CD4 T cells may have reached their upper lifespan at this age. In support
of this hypothesis, most CD4 T cells that express the phenotype of naive T cells appear to be
masqueraded memory T cells. More than one-third of the TCR sequences derived from
phenotypically defined naive CD4 T cells were found to be shared with memory T cells in
individuals older than 75 years. Specifically, out of about 100 TCR sequences for a particular
V/B-JB combination, one quarter were identified both in the naive compartment and the memory
compartment of CD4 T cells. Such a sharing of TCR sequences was the rare exception in
individuals younger than 65, documenting that only up to this age population is the phenotypic
distinction of naive and memory CD4 T cells accurate (Naylor et al., 2005).
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The likely interpretation of this finding is that between the ages of 65 to 75 years, homeostatic
mechanisms fail in the naive compartment, resulting in a rapid loss of T cells. This failure
appears to be intrinsic—and not secondary—to competitive exclusion by CD8 or CD4 memory
cells. It is likely that the masquerading of CD4 memory cells as naive cells and the invasion
of these cells into the naive CD4 compartment is a secondary phenomenon to fill the space left
by the naive CD4 T cells.

Synopsis and outlook

These observations on the influence of age on T-cell homeostasis have implications for
understanding immune defects in the elderly and planning vaccine strategies. The immune
repertoire of 75-year-old individuals appears to be severely compromised (Naylor et al.,
2005). Such individuals have to rely on memory T-cell responses and are unlikely to be able
to yield primary T-cell responses. Vaccination strategies, therefore, have to aim at establishing
a broad pool of memory T cells before individuals enter this age. Before this age, CD4 cells
and CD8 cells appear to behave very differently, although they should be equally affected by
the complete demise of thymic function in mid-adulthood. Although TRECs can be found at
low frequency even during old age and histological evidence for isolated functional thymic
epithelial clusters exists, cumulative evidence suggests that thymic activity after the ages of
40 to 50 years cannot be sufficiently restored to rebuild a repertoire and that even before that
time influx of new thymic immigrants is minimal. The slow but certain decline of the CD8
naive T cell compartment is, therefore, not unexpected. However, it is most surprising how
well the CD4 T cell compartment is maintained both in numbers and in diversity. Functional
data on naive CD4 T cells from individuals between the ages of 60 to 70 also indicated that
these T cells are fully competent and do not have signaling or proliferative defects.
Understanding these successful homeostatic mechanisms and their eventual failure after the
ages of 70 to 75 years of age is, therefore, of utmost importance. Interventions aimed at
extending this stable equilibrium for several more years may be the most promising and
effective way to improve immune competence in the elderly.
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Figure 1. CD8 T cells lose the naive T-cell compartment more rapidly than CD4 T cells
Peripheral blood mononuclear cells were examined by flow cytometry for the expression of
CD4, CD8, CD45RA and CCR?7, and the fractions of naive CD4 and CD8 T cells were
determined.
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Figure 2. Contraction of naive CD4 T-cell repertoire diversity with age

A schematic overview of the experimental design is shown (A). CD4 naive T cells were purified
and divided into three samples of 500,000 cells each. cDNA of each sample was amplified
with T-cell receptor BV8 and BJ2S5 primers and cloned using the TOPO TA Cloning Kit
(Invitrogen). The amplified product of sample 1 was reamplified with internal primers to
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generate a short polyclonal probe representing the N-D-N sequences of sample 1. Bacterial
colonies from all three samples were hybridized with the probe, and the fractions of hybridizing
colonies were determined. Results from three individuals aged 20 to 30 years and older than
75 years are shown in Figure 2B. The high degree of cross-hybridization in the elderly
population indicated a lack of T-cell receptor diversity. Reprinted with permission from
(Naylor et al., 2005).
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Figure 3. The age period between 65 and 75 years is critical for CD4 T-cell repertoire contraction
T-cell receptor sequences were identified in a sample of naive CD4 T cells, and their
frequencies were determined in an independent sample from the same individual by limiting
dilution followed by BV-BJ amplification and hybridization for N-D-N sequences as described
(Naylor et al., 2005; Wagner et al., 1998). Low frequencies of the given T-cell receptor
sequences indicate a highly diverse repertoire. The results show that contraction of naive CD4
T-cell diversity with age is a non-linear process abruptly occurring between the ages of 65 and
75. Modified from (Naylor et al., 2005) with permission.
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